In this work, we introduce two models of the hybrid metric-Palatini theory of gravitation. We explore their background evolution, showing explicitly that one recovers standard General Relativity with an effective Cosmological Constant at late times. This happens because the Palatini Ricci scalar evolves towards and asymptotically settles at the minimum of its effective potential during cosmological evolution. We then use a combination of cosmic microwave background, Supernovae and baryonic accoustic oscillations background data to constrain the models' free parameters. For one model in particular, we are able to constrain the deviation from the gravitational constant G one can have at early times.
I. INTRODUCTION
Einstein's General Relativity (GR) is modern cosmology's main framework, providing a set of equations that dictate the dynamics of our Universe according to its material constituents. By them, our Universe could be expanding, static, or even collapsing. However, it is now well established that our Universe is currently undergoing an accelerated expansion which was preceded by phases of matter and radiation domination where gravitational attraction resulted in a decelerated expansion. And, at the beginning, it should have experienced a period of quasi-exponential inflation, so that any primordial spatial curvature would have been wiped out, leading to the spatially-flat and homogeneous Universe we observe.
The simplest explanation for the Universe's accelerated expansion is a cosmological constant, Λ, with a constant ratio of pressure to density (usually defined as the equation of state, w) equal to −1. Despite being in agreement with supernovae observations [1] [2] [3] [4] , data from the cosmic microwave background (CMB) [5, 6] including the recent Planck data [7] , and large-scale structure (LSS) data [8] , cosmologists still struggle to account for the difference between the theoretically-expected value for its energy density and the observed one. If it exists, observationally, it should account for approximately 70% of the Universe's total energy density, a value 121 orders of magnitude smaller than that obtained from quantum field theory (for a review on Λ, see Ref. [9] ).
In light of these issues, new physics may be in order to account for that major component of our Universe, usually labeled dark energy (DE) . Some theories, such as quintessence, k-essence, and so on, propose scalar fields rolling in a potential (see Ref. [10] and references therein for a comprehensive review). Other theories consider higher dimensions, as in braneworld models such as the DGP model [11, 12] , or assume that GR fails on cosmo- * ndal@roe.ac.uk † vsm@roe.ac.uk logical scales and propose corrections to Einstein's action. The latter are grouped as the so-called Modified Gravity Theories (MGT), such as the Brans-Dicke scalar-tensor theory [13] , Galileon models [14] , the Fab Four [15] , f (R) theories [16] , and many others. For an extensive review on MGT, see Ref. [17] .
In this paper we focus on the hybrid metric-Palatini gravity [18, 19] . In this type of theory, the usual EinsteinHilbert Lagrangian is supplemented with an f (R) Palatini term. This type of hybrid theory arises when perturbative quantization methods are considered on Palatini backgrounds [20] , which are connected with nonperturbative quantum geometries [21] .
Like the pure metric and Palatini cases, the hybrid theory has a dynamically equivalent scalar-tensor representation [18, 19] . The authors of those papers have also shown that the scalar field need not be massive in order to pass the stringent Solar System constraints [18] , in contrast to the metric f (R) theories, while possibly modifying the cosmological [22] and Galactic [23] dynamics due to its light, long-range interacting nature. In Ref. [22] , the criteria for obtaining cosmic acceleration were discussed. Alongside that, several cosmological solutions were derived, depending on the form of the effective scalar field potential, describing both accelerating and decelerating Universes. Lastly, in Ref. [24] , the full set of linearly perturbed Einstein equations was derived for this theory, and the evolution of the metric potentials was shown for a designer model reproducing the ΛCDM background evolution exactly.
In this work, we show the background history predicted by two f (R) models we introduce, which is achieved by numerically evolving the Palatini Ricci scalar, R, that is then used to compute the remaining background quantities. We then test the models against background data, using this to constrain their free parameters. Therefore, in Section II, we briefly review the hybrid metric-Palatini theory formalism, focusing on the background equations we will be using throughout this work. In Sec. III, we introduce and dissect the two models we have used in this study, showing the background evolution predicted by these against ΛCDM. In Section IV we present the background constraints on the models we have presented using a MCMC analysis, and finish in Sec. V with some concluding remarks on this work.
II. COSMOLOGY IN THE HYBRID METRIC-PALATINI GRAVITY
The four-dimensional action describing the hybrid metric-Palatini gravity is given by
where κ 2 = 8πG and we set c = 1. S m is the standard matter action, R is the metric Einstein-Hilbert Ricci scalar and R = g µν R µν is the Palatini curvature. The latter is defined in terms of the metric elements, g µν , and a torsion-less independent connection,Γ, through
Varying the action (1) with respect to the metric, one obtains the usual set of Einstein equations, given by
where G µν is Einstein's tensor, and
T µν is the matter field's stress-energy tensor, defined as
where
is the minimally-coupled matter Lagrangian, dependent on the matter fields, χ i , and the metric elements, g µν . Equation (3) can be traced, yielding
where T is the stress-energy tensor trace. The last equation shows that the modifications to Einstein gravity are controlled by the failure of the standard GR trace equation.
On the other hand, varying the action (1) with respect to the independent connection,Γ α µν , one gets the follow-
which implies thatΓ α µν is the Levi-Civita connection of a metric h µν = F (R)g µν . Hence, one can verify that the Palatini Ricci tensor, R µν , is related to the metric one, R µν , by the following relation
Introducing an auxiliary scalar field, φ, the action (1) can be recast into a scalar-tensor theory described by the following action [18] 
where φ ≡ F (R) and V (φ) = RF (R) − f (R). Varying this action with respect to the metric g µν , the scalar φ, and the independent connectionΓ α µν , leads to
respectively. Equation (7) can be rewritten in terms of the auxiliary scalar field by using F (R) = φ which, when traced, leads to the following relation between the metric and the Palatini Ricci scalars:
Using Eqs. (7) and (12), one can rewrite Eq. (9) as
, one can get the modified Friedmann equations:
and,
where a dot stands for a differentiation with respect to time, t, and H =ȧ/a is the Hubble parameter; ρ and p are the total energy density and pressure of the Universe. An equivalent equation forḢ can be taken from the trace of Eq. (3), yieldinġ
where we have used R = 6 Ḣ + 2H 2 . The effective equation of state can be defined as [24] 
Lastly, closing the set of cosmological equations, one can trace Eq. (9), getting
where we have used Eqs. (10) and (12), and T is the stress-energy tensor trace. Using the FRW metric, this equation takes the form
describing the dynamical evolution of the additional degree of freedom introduced by this theory. This equation has been solved in the weak-field limit and far from matter sources in Refs. [18, 19] , where the authors defined an effective Gravitational constant mainly dependent on the background value of the scalar field φ 0 , such that G eff ∝ G/ (1 + φ 0 ). As long as φ 0 is kept small, the deviation from G will pass unnoticed to solar-system tests.
In this work, we take the initial value of the field at z i to set the deviation from the actual gravitational constant in the high-curvature regime, and use one of the models we define to constrain this deviation. Equation (19) can be re-expressed as a dynamical equation for the Palatini Ricci scalar, R. Recalling that φ ≡ F (R) ≡ f R , then one can setḞ =Ṙf RR , where f RR is the second derivative of f (R) with respect to R. A similar procedure can be done for higher order derivatives, allowing to rewrite Eq. (19) as
where we have used Eq. (10), and f RRR is the third order derivative of f (R) with respect to R. From this equation, we can define an effective potential where the effective Palatini Ricci scalar will roll, since
meaning V (R) will be given by the indefinite integral
It was shown in Ref. [25] that the hybrid metricPalatini theory reduces to General Relativity with a possible cosmological constant in vacuum, since it shares the property of pure Palatini f (R) theories in Minkowski flat space-time. Hence, if the models we choose allow so, one would expect the solution to settle at a minimum of its effective potential, making the model behave like an effective cosmological constant. Therefore, if one provides a function f (R), Eqs. (16) and (20) can be used to numerically evolve the background quantities predicted by that specific model. To set the initial conditions, we have fixed a very small value for f R at a high redshift, z i , such that the deviation from the Gravitational constant, G, is effectively small [18, 19, 23, 24] in the high curvature regime. Then, one can invert F to find R at that redshift. Lastly, settinġ R = 0 to minimize deviations from standard General Relativity, one can use Eq. (14) to solve for the Hubble parameter at z i . The Ricci scalar, R, can be computed using the GR relation, R = 6 Ḣ + 2H 2 .
III. MODELS OF HYBRID METRIC-PALATINI GRAVITY
In this section, we introduce the models we defined for the hybrid metric-Palatini theory. While the general framework of this theory was derived in Refs. [18, 19, 22, 23] , they did not write down specific models and explore their consequences.
A. The exponential model
The first model we introduce is defined by an exponential function, given by
where Λ and R are the model's parameters, both of order H 2 0 , where H 0 is the present-day value of the Hubble parameter. We choose to define R as a positive constant, while Λ should be a negative constant, since, looking at Eq. (5), if either f R or R vanish, R = −2f (R) in vacuum. Hence, to have a good chance at recovering standard GR with a Cosmological Constant in vacuum, one should have Λ ≈ −2Λ.
The effective potential, V (R), associated to this model, is given by doing the indefinite integral defined by Eq. (22), which has the simple form
Setting the initial conditions at z i = 1000 to yield a very small f R value in order to minimize deviations from the actual gravitational constant in the high curvature regime, the potential will be mostly dominated by its quadratic terms for order unit values of R . The minimum can then be estimated by
The effective cosmological constant value at which the Ricci scalar should sit in vacuum is given by the trace equation
Hence, we do expect to obtain a ΛCDM like evolution in the distant future, if our solution for R is to settle at the minimum of its potential.
In Fig. 1 , we plot the background evolution predicted by this model for a set of parameters as a function of scale factor, a, using the prescription described at the end of Sec. II. We choose f R (z i ) ≈ 10 −4 and R of order H 2 0 . We use a Brent algorithm (see Ref. [26] ) to find the correct Λ value that recovers a flat cosmology. Hence, the only true free parameter will be R .
As we can see in Fig. 1 , the evolution of the Palatini Ricci scalar starts at a position where the potential is tilted and one would expect for it to roll down towards the minimum. However, at early times, the evolution of R is dominated by the stress-energy tensor trace or, equivalently, by the matter energy density. Since the ratio f R /f RR is negative throughout the whole evolution, the matter density contribution pushes R upwards the effective potential, while its slope and the Hubble friction term exert the opposite effect. As matter ceases to dominate close to the present, R inverts its motion and starts evolving towards the minimum, where it will asymptotically settle in the distant future.
B. The quadratic model
The second model we introduce is the quadratic model, which we define by the function
where Λ and R are a negative and positive constant of order H 2 0 , just like in the previous model. Computing the indefinite integral defined in Eq. (22) one can find the effective potential associated to this model:
which clearly has a global minimum at R = 0 and a maximum at R = 2Λ . Therefore, we expect the solution for R to asymptotically settle at the minimum in vacuum, leading to an effective cosmological constant value of
In Fig. 2 , we can see the evolution predicted by the quadratic model for H, compared to ΛCDM's. We have chosen, again, |f R (z i )| ≈ 10 −4 at z i = 1000, this time with a negative sign, and R of order unit in H 2 0 . This definition makes the initial R to be positive. The background evolution predicted by the exponential f (R) model compared to ΛCDM. We see that the difference is at the sub-percent order. We choose to plot R far into the future, to explicitly show that our solution asymptotically tends to the minimum of the potential, V (R), which we also plot. We set the present-day matter energy density, Ωm, to 0.30, and set R = 1, in units of H the solution is what one would naively expect, with R rolling down the potential towards the minimum from the beginning of the evolution, asymptotically settling there. The different dynamics are linked to the ratio f R /f RR multiplying the stress-energy tensor in the dynamical equation for R. For this particular setting of the quadratic model, this ratio is positive at early times, meaning that R will be pulled down by the matter energy density term towards the minimum of the potential, asymptotically settling there when the matter contribution becomes negligible. Had we chosen R(z i ) to be positive instead, the behavior wouldn't qualitatively change, with the matter term dictating R to evolve towards the minimum in a symmetric manner, starting from R < 0.
IV. BACKGROUND CONSTRAINTS A. Observables
To constrain our models parameters, we perform a Metropolis-Hastings analysis using several backgroundrelated observables: the luminosity distance from Supernova type Ia (SNIa); the baryon acoustic oscillations (BAO); the shift parameter, acoustic scale and redshift of decoupling from the cosmic microwave background.
SNIa luminosity-redshift relation
For the supernovae analysis, the luminosity distance, d L , is of the most relevance, and is given by
where c is the speed of light, and Θ holds the parameters of the model we are trying to constrain and the cosmology dependence of d L .
The expected distance moduli, m, of the i-th supernovae located at redshift z i is given by
where m and M are the apparent and absolute magnitudes of the SNIa, respectively. Hence, one then obtains the statistical χ 2 SNIa as
where µ obs (z i ) is the observationally measured distance moduli of the i-th supernovae and σ i is the associated variance, and the sum is over all the available supernova in the data set.
In this work, we have used the Union 2.1 SNIa catalog from the "Supernova Cosmology Project" (SCP) [27] . This data set is a compilation of 580 type Ia Supernovae located over the redshift interval 0.623 < z < 1.415. In our Metropolis-Hastings analysis, we have marginalized over the nuisance parameter H 0 using the procedure described in the appendix of Ref. [28] .
Baryon Acoustic Oscillations peak
Baryon acoustic oscillations are found in the clustering of galaxy samples, showing as a peak in the two-point correlation function at a comoving separation, r s , equal to the sound horizon at the drag epoch, z d , when baryons were released from photons. z d can be estimated using a fitting formula [29] 
where Ω m = Ω DM + Ω b is the sum of the present day energy densities of Dark Matter and Baryons; b 1 and b 2 are two fitting parameters, given by
The comoving sound horizon at the baryon drag epoch, r s , on the other hand, can be determined by
where a(z) = 1/ (1 + z) and ρ b and ρ γ are, respectively, the baryon and photon energy density. We approximate the ratio between their densities as 3 4
where h ≡ H 0 /100. In our calculations, we have assumed T CMB = 2.7255K. Lastly, since the comoving sound horizon calculation is very sensitive to early time effects, we have to consider the effect of radiation. We define its present-day energy density, Ω r , as
where z eq is the redshift at matter-radiation equality, which we approximate by
The peak position is dependent on the ratio of the distance measure, D v , and the sound horizon at the drag epoch, r s . Since the latter is tightly constrained from CMB measurements, the observation of the BAO scales act as a standard ruler, allowing one to constrain the form of D v , which is determined by [29] 
Hence, the expected distance ratio at redshift z is simply given by
Therefore, having the observed d z , one can easily compute the BAO χ 2 as
is the vector of the difference between the expected and theoretical values for d zi , while C BAO is the covariance matrix associated to the observations. Following the Planck analysis [30] , we have used BAO observations from the 6dF Galaxy Redshift Survey (6dFGRS) at low redshift, d
obs (z = 0.106) = 0.336 ± 0.015 [31] , from the Luminous Red Galaxies (LRG) sample of the Sloand Digital Sky Survey (SDSS) 7-year data release at the median redshift, d
obs (z = 0.35) = 0.1126 ± 0.0022 [32] , and the BAO signal from BOSS CMASS DR9, d
obs (z = 0.57) = 0.0732 ± 0.0012 [33] .
Cosmic Microwave Background
In this work, we use the cosmic microwave background distance information, including the the acoustic scale l A , the "shift parameter" R, and the redshift at photondecoupling z . The first is a measurement of the ratio of the angular diameter distance to the photon-decoupling surface over the comoving sound horizon at decoupling [34] 
is the proper angular-diameter distance; r s (z ) can be calculated using Eq. (36) . On the other hand, R is a measurement of the angular diameter distance at z , and is given by [34] 
where Ω m is the present-day density of matter, as defined before. Lastly, the redshift at photon-decoupling can be estimated by the fitting formula [35] z = 1048 1 + 0.00124 Ω b h 2 −0.738 where
As usual, we compute the CMB distance χ 2 as follows
where the vector
measures the difference between the theoretical expectations and the observed values for the different quantities in analysis. In this work, we use the Planck distance information for the ΛCDM model to constrain our models. In table I it is possible to see the inverse covariance matrix and best-fit values obtained from Planck [36] .
B. Metropolis -Hastings Algorithm
Having described the procedure to calculate the χ 2 of each observable we consider in the previous section, we continue towards the calculation of the confidence contours by means of a Metropolis-Hastings algorithm, which is a Markov Chain Monte Carlo method based on a stochastic sampling technique [37] . One of the main advantages of the Metropolis-Hastings algorithm is its treatment of marginalized variables. When considering a subset of the parameters that form a chain, the marginalization over the remainder of the parameters occurs immediately, therefore making the treatment of the chains a simple process. In this work, we implemented this algorithm in a module developed by us using the Python programming language [38].
C. Priors
In this section we discuss the range of variation of the parameters we use in our models, which are the flat priors we have chosen to impose over them. Our two f (R) models have a set of three parameters they share. These are the present-day relative energy densities of matter and baryons, Ω m and Ω b , and the present-day value of the Hubble parameter, H 0 . The ranges we have chosen
For the exponential model, we have fixed the value of f R at z i to 10 −4 and left the only free parameter, R to vary between [1.0, 10.0]. The reason being we want to test the data against a definite modification of General Relativity that does not have the ΛCDM limit explicitly.
Then, for the quadratic model, we took another approach by fixing R to a chosen value and letting f R at z i vary between [−0.1, 0.1]. Had we decided to fix f R to a small value at z i like in the exponential model, R would not have a significant impact on the background evolution predicted by it, since the effective potential on which R evolves is independent of R , as seen in Eq. (28) . Hence, this way, we have an opportunity to test how large an effective deviation from the gravitational constant G in the high-curvature regime is allowed by the data. This deviation will always be its largest at z i , since R evolves towards the minimum of the potential, located at R = 0, where f R = 0.
Lastly, for both models, Λ is determined by the background evolution, assuming we recover a flat cosmology. As described in Sec. III A, this is achieved using a Brent algorithm (see Ref. [26] ) which ensures that the presentday value of the numerical Hubble parameter we obtain coincides with H 0 . We start our background evolution at a redshift of z i = 1 × 10 8 .
D. Results
In this section, we present the marginalized 2-d contours for the posterior probabilities distributions of our parameters which were calculated using a MetropolisHastings algorithm, as described in Sec. IV B. The plots shown here exhibit the combined constraints of the three background surveys we described in Sec. IV A. These plots were done using the plotting functions available in CosmoMC [39] . In Fig. 3 we have a triangular plot with the 2-d contours between H 0 , Ω m and R , as well with the individualized posterior distributions of each parameter. We obtain a slightly higher value of H 0 than the recent Planck result [30] , but we do not perform such a complete analysis, limiting ourselves to background observables. We also observe a smaller Ω m value than in Ref. [30] , which results from the combination of the different surveys we have considered, as the Union2.1 and BAO surveys do tend to prefer a slightly smaller Ω m value than Planck [27, 30] . The 1-σ limits on these parameters are H 0 = 68.9 ± 0.7 and Ω m = 0.303 ± 0.009.
For the R parameter we cannot clearly state the confidence limits, as these are completely prior determined. Interestingly, we do observe a preference towards smaller values of R , possibly extending all the way to 0 had we considered that limit. We set our initial conditions by imposing an initial f R value at the starting redshift z i that we invert to obtain the corresponding R i . Hence, for this model, we cannot have a pure GR plus ΛCDM for the exponential model because neither f R (z i ) or R can be set exactly to zero. However, the closest this model can get to ΛCDM, for a fixed f R (z i ), is when R → 0 + . We observe that R i tends to decreasingly smaller values as R → 0 + , while keeping the R/R ratio considerably large such that f (R) → Λ . Hence, we recover an almost ΛCDM like evolution, which can be understood looking at the trace equation, Eq. (5), which tends increasingly closer to the GR plus ΛCDM limit of R + κ 2 T = 4Λ.
In Fig. 4 we have the triangular plot with the confidence contours and 1-d marginalized posterior probability distributions for the f (R) quadratic model. We obtain very similar results for the standard cosmological parameters H 0 and Ω m as those observed in the exponential model, with the 1-σ limits on them being H 0 = 68.9±0. 8 and Ω m = 0.303 ± 0.010.
For this model, we chose to keep R fixed because we believe it would not have a significant impact on the background evolution predicted by this model since it does not alter the shape of the potential on which R evolves. Hence, the third parameter we show constraints for is the initial value we impose for f R at the starting redshift, z i . This, as detailed before, sets the maximum deviation from the standard gravitational constant G one can have at early times in this model, since f R evolves asymptotically to 0 from its starting value.
It is clear that as f R (z i ) → 0 we get closer to a ΛCDM like evolution. Given it would be numerically hard to evolve the model if f R (z i ) = 0, we made the approximation that, if the Metropolis-Hastings algorithm encountered such a value, we would have an exact ΛCDM background evolution. The results we have obtained show a preference for a standard GR plus ΛCDM scenario, as can be seen in the 1-d posterior probability distribution for f R (z i ) in Fig. 4 . The corresponding 1-σ confindence limits are f R (z i ) = −0.001 ± 0.006. We also observe a symmetry on the posterior distribution of this parameter, which could be expected given that the evolution of R is symmetric under the change of sign of f R for, as discussed in Sec. III B.
V. CONCLUSION
In this work, we explored a way to obtain the background evolution for two different models of the novel hybrid metric-Palatini theory of gravity. We re-wrote the dynamical equation for the additional degree of freedom introduced by this theory as a dynamical equation for the actual Palatini Ricci scalar R. We define the initial conditions by imposing the deviation one has from standard GR at early times. Hence, we set a small value for f R (z i ) and invert the latter to obtain R(z i ), while keepingṘ(z i ) = 0.
We define an effective potential V (R) where the Palatini Ricci scalar evolves and, if a minimum exists, R should asymptotically settle there in vacuum, so that one recovers standard GR plus an effective cosmological constant at late times. V (R) could potentially have a complicated form. However, for the models we introduce here, that is not the case.
We present the exponential and quadratic f (R) models and show that the background evolution predicted by them does not deviate much from ΛCDM. This could be different, of course, had we decided to set the deviation from the gravitational constant G in the high-redshift regime to be large. Also, we explicitly show the effective potential V (R) for both models and R asymptotically tending to its minimum at late times. This is less obvious in the exponential model as the matter term in Eq. (20) initially drives the Palatini Ricci scalar up the potential, only for it to later slowly fall down towards the minimum due to the potential slope.
We then use background CMB, BAO and Supernovae data to constrain the models. While we cannot state an actual constraint on the R parameter in the exponential model, we do note how the data, as expected, seems to tend towards the ΛCDM limit. We believe that, had we not chosen to restrict the prior range in order to have a definitive modification of gravity without the ΛCDM limit, we would see the lower range of our confidence contours in Fig. 3 tending to 0 + in R .
For the quadratic model, we chose to constrain the initial value of f R while keeping R fixed. Effectively, we are constraining the maximum deviation one has from the gravitational constant at early times. As expected, the results indicate a preference towards no deviation at all, as in the standard GR plus Λ limit. We obtain f R (z i ) = −0.001±0.006 as the confidence limits for our parameter.
Hence, we see in this work that f R (z i ), which is effectively the initial value of the additional scalar degree of freedom introduced in this theory, could play an important role in the constraining of this theory, as it sets the deviation one observes from standard GR at early times. This, combined with the fact that the Newtonian potentials also exhibit a departing behavior from ΛCDM at early times, as shown in Ref. [24] , suggests that it would be very interesting to constrain these models using the latest Planck data available by enhancing the formalism developed so far with the inclusion of perturbation observables.
